Summary. Plasma melatonin concentrations were measured every 1\p=n-\2h over 24 h and plasma luteinizing hormone (LH) concentrations every 15 min over 12 h in domestic gilts reared under artificial light regimens that had previously been used to demonstrate photoperiodic effects on puberty. In Expt 1, the light regimens both commenced at 12 h light:12 h dark (12L:12D) and either increased (long-day) or decreased (short-day) by 15 min/week until the long-day gilts were receiving 16L:8D and the short-day gilts 8L:16D at sampling. In Expt 2, both light regimens commenced at 12L:12D and either increased (long-day) or decreased (short-day) by 10 or 15 min/week to a maximum of 14\m=.\5L:9\m=.\5Dor a minimum of 9\m=.\5L:14\m=.\5Dbefore being reversed. Sampling took place when daylength had returned to 14L:10D (long-day) or 10L:14D (short-day). In immature gilts housed at 12L:12D(Expt 1) and in postpubertal (Expt 1) and prepubertal (Expt 2) gilts reared under long-day or short-day light regimens, mean plasma melatonin concentrations were basal (3\m=.\6pg/ml) when the lights were on and increased to peak concentrations > 15 pg/ml within 1\p=n-\2h after dark, before declining gradually to basal concentrations at or near the end of the dark phase. In prepubertal gilts bearing subcutaneous melatonin implants and reared under long-days (Expt 2), mean plasma melatonin concentration in the 6 h before dark was 91\m=.\9\ m=+-\5\m=.\26pg/ml and 125\m=.\0\ m=+-\ 6\m=.\66 pg/ml 1 h after dark, but this increase was not statistically significant. In Expt 2, the short-day gilts had fewer LH pulses (2\m=.\6\ m=+-\ 0\m=.\25vs. 4\m=.\6\ m=+-\0\m=.\24;P < 0\m=.\01) in the 12-h sampling period than the long-day gilts, but the amplitude of the pulses (2\m=.\28\ m=+-\ 0\m=.\23vs. 1\m=.\26 \ m=+-\ 0\m=.\16ng/ml; P < 0\m=.\01) and the area under the LH curve (78\m=.\8 \m=+-\5\m=.\60vs. 47\m=.\3\m=+-\6\m=.\16;P< 0\m=.\01) was greater in the short-day gilts. In the short-day, but not in the long-day, gilts LH pulses were more frequent (2\m=.\0\ m=+-\ 0\m=.\0vs. 0\m=.\6 \ m=+-\ 0\m=.\25;P < 0\m=.\01), but had a smaller area (61\m=.\9 \m=+-\7\m=.\2vs. 120\m=.\2\m=+-\23\m=.\6;P < 0\m=.\05) in the 6 h of dark than in the 6 h of light, which together made up the 12-h sampling period. These data show that, in pigs, as in other species, the concentration of melatonin in plasma increases in the dark and the duration of the nocturnal increase depends on photoperiod. The implants provided high and variable concentrations of plasma melatonin, above which a nocturnal increase was not observed. The patterns of LH secretion were consistent with the short\x=req-\ day gilts being closer to puberty than the long-day gilts as a consequence of differing rates of sexual maturation due to the light regimens imposed during rearing.
Introduction
In field studies in which potential confounding factors were strictly controlled, we have shown that attainment of puberty in domestic gilts is inhibited during the summer months and that this inhibi¬ tion is associated with long days (Paterson et al, 1989a, b; Paterson et al, 1991) . Using controlled light regimens, which closely mimicked natural photoperiods, we subsequently demonstrated that an artificial long-day regimen, applied in the winter, suppressed puberty to levels normally seen in summer, and a short-day regimen applied in the summer produced a pubertal response typical of the winter (Paterson & Pearce, 1990) . These studies were conducted at a constant thermoneutral temperature, so the data provide compelling evidence that photoperiod is the major environmental factor responsible for the delay in puberty often observed during the summer.
It is not known how this seasonal effect is mediated in domestic pigs, but, in a wide range of species in which reproductive activity is influenced by photoperiod, including sheep (Bittman & Karsch, 1984) , Djungarian hamsters (Carter & Goldman, 1983) and tammar wallabies (McConnell & Tyndale-Biscoe, 1985) , the photoperiodic information regulating reproduction is mediated by the 24-h secretory profile of the pineal hormone melatonin. In European wild pigs, in which reproductive activity is highly seasonal, plasma concentrations of melatonin increase within 1 h of darkness and reach peak values 4-5 times the daytime value (Mauget et al, 1990) , suggesting that this species also uses pineal melatonin to transduce photoperiodic information.
The literature on melatonin profiles in domestic pigs is sparse and the evidence for an increase in plasma concentration at night is equivocal. Kennaway et al. (1977) reported that, in the only pig they studied, the midnight concentration of melatonin was about three times that of the midday sample. McConnell & Ellendorff (1987) reported that three of four sows housed under 12 h of light/day exhibited an increase in plasma melatonin at night that was of similar magnitude to, but later in the dark phase than, that in wild pigs. However, this pattern was apparently abolished when the daylength was changed to 16 h of light, and did not seem to be reinstated by a further change to 8 h of light/day. Peacock et al. (1990a) studied pregnant sows housed under natural photoperiod conditions and found that the concentrations of plasma melatonin did not differ between night and day at any of the four times of the year examined, but the mean concentration of plasma melatonin over the 24-h sampling period varied with season. In studies with gilts~6 months old, Brandt et al. (1986) and Diekman et al (1990) , working in the same laboratory, failed to detect an increase in serum melatonin associated with the onset of the dark phase, but, when all treatment groups in the study by Diekman et al. (1990) were pooled, mean serum concentrations of melatonin were higher during the dark than the light. When immature pigs~3 months old were killed, either during the day or the night, no evidence of a nocturnal increase in the pineal content of melatonin or in the activity of the enzymes associated with melatonin synthesis was found, although the plasma melatonin concentrations were not measured (Reiter et al, 1987) .
Melatonin plays a central role in other species in which daylength controls reproductive activity, so it is perhaps surprising that no role for melatonin has been described in domestic pigs, which we have recently shown are inhibited by long days (Paterson & Pearce, 1990 In Expt 2, the light regimens, which were the same as those previously described by Paterson & Pearce (1990) , approximated more closely the naturally occurring light:dark pattern seen between the equinoxes at this latitude (31°58'S). Briefly, in the long-day regimen the light phase was increased by 15 min/week for 6 weeks then by 10 min/week for a further 6 weeks to give a maximum light:dark ratio of 14-5L:9-5D in the week of solstice (lights on at 04:45 h). In the short-day regimen, the light phase was decreased by 15 min/week for 6 weeks then by 10 min/week for 6 more weeks so that the light:dark ratio in the week of the solstice was 9-5L:14-5D (lights on at 07:15 h). The daylength was then increased (short-day) or decreased (long-day) by 10 min per week until the long-day gilts received 14L:10D and the short-day gilts 10L:14D in the week when blood sampling was carried out. In Expt I, samples were collected every 2 h between 12:00 and 18:00 h the following day from some of the gilts housed in the rooms. Samples were collected (a) during the first week the gilts occupied the rooms (12L:12D with lights on at 06:00 h and off at 18:00 h, seven gilts) and (b) after 16 weeks on the artificial light regimens (I6L:8D with lights on at 04:00h and off at 20:00h, eight gilts; 8L:16D with lights on at 08:00h and off at 16:00h, nine gilts). Different gilts were sampled in parts (a) and (b), and in part (b) all gilts sampled had reached puberty.
In Expt 2, sampling from all gilts commenced on 10 January 1990 (169 days), when the nine long-day gilts were exposed to 14L:10D with lights on at 05:00h and off at I9:00h and the five short-day gilts were exposed to I0L:14D with lights on at 07:00 h and off at 17:00 h. Blood was sampled for tonic LH every 15 min for 12 h commencing 6 h before lights off on Day 1 and for melatonin hourly for 24 h commencing at the same time as the tonic LH samples.
Hormone assays Luteinizing hormone. Plasma LH concentrations were determined using a double-antibody radioimmunoassay technique previously described and validated by Niswender et ai (1970 Niswender, Colorado State University, Fort Collins, USA), and requires 100 µ of plasma. The limit of detection for the two assays was 0-25 ng/ml and samples containing <0-25 ng/ml were assigned this value for analysis. Pooled plasma samples (« = 6) containing either a high (1-80 ± 5-5%, 1-79 ± 3-5% ng/ml) or a low (0-61 ± 10-0%, 0-63 ± 11-6% ng/ml) concentration of LH were included as quality controls in each assay.
Plasma melatonin. This was assayed by the direct radioimmunoassay technique of Maxwell et ai (1989) . This direct assay has been validated for sheep and deer plasma by high-performance liquid chromatography and electron capture, by gas chromatography mass spectroscopy and by comparison with an extraction-based assay which uses a different antiserum (Newman et (1992) were assayed was 3-6 pg/ml. The coefficient of variation of porcine samples was 10% at 80 pg/ml between assays and 13% within assays.
Statistical analysis
The serial samples were analysed for LH pulses using a version of the algorithm Pulsar developed by Merriam & Wächter (1982) , developed for the Apple Macintosh Microcomputer (Munro 1.1, Elsevier-Biosoft, Cambridge, UK) and described in detail by Martin et ai (1987) . The G-parameters (the number of standard deviations by which a peak must exceed the baseline in order to be accepted) were 60, 40, 3-5, 2-9 and 2-5 for Gt-G5, these being the requirements for pulses composed of 1-5 samples which exceed the baseline, respectively. The Baxter parameters describing the parabolic relationship between the concentration of a hormone in a sample and the standard deviation (assay variation) about that concentration were 004400 (b,, the >-intercept), 0 0246 (b2, the .v-coefficient) and 001509 (b3, the^-coefficient). To test for the effects of treatment on LH secretion, a repeated measures analysis of variance was used, with photoperiod as the main effect. The 12-h sampling period was divided into two 6-h blocks, representing samples taken during the light and during the dark and used as the repeated measure so that interactions between photoperiod and diurnal variation could be tested. The data for LH pulse amplitude and area, and interpulse interval were not normally distributed (variance proportional to mean), so they were transformed logarithmically before analysis. The melatonin data were transformed logarithmically because the variance was proportional to the mean, and then subjected to repeated measures analysis of variance, with photoperiodic treatment as the main effect and sampling time as the repeated measure. When this revealed significant effects of sampling time or the interaction between sampling time and treatment, least significant differences (P < 005) were used to compare the values for samples during the dark periods with the basal concentration during the light periods, calculated as the mean of all samples collected when the animals in the treatment had been exposed continuously to at least 1 h of light.
Results
In Expt 1, analysis of variance revealed significant effects of treatment (P = 0028), sampling time (P < 00001) and the interaction between treatment and sampling time (P < 0 001). Mean plasma melatonin concentrations in the samples before dark were below the level of sensitivity of the assay (3-6 pg/ml) in the gilts on all three light regimens (Fig. 1) . In gilts housed under all three light regimens, mean plasma melatonin concentration in the first sample taken after dark was signifi¬ cantly higher than that in the light phase, and it remained significantly higher for at least 8 h. In the 12L:12D and the 8L:16D gilts, mean plasma melatonin concentrations returned to basal values in the sample coincident with the end of the dark phase and in the 16L:8D gilts basal values were measured in the first sample taken after the lights came on.
In Expt 2, analysis of variance revealed significant effects of treatment (P < 00001), sampling time (P < 00001) and the interaction between treatment and sampling time (P < 00001). Mean plasma melatonin concentrations were below the sensitivity of the assay in the 6 h before dark in the long-day and the short-day gilts (Fig. 2) . In both treatments, mean plasma melatonin concen¬ tration was significantly greater than in the light phase in the first sample taken after dark. In the long-day gilts, plasma melatonin concentrations remained significantly higher throughout the dark phase, returning to basal values in the sample coincident with the end of the dark phase. In the short-day gilts, the release of melatonin appeared to be biphasic. Plasma melatonin was signifi¬ cantly greater in the first two samples after dark, then returned to basal concentrations in the next four samples before being significantly higher again in the samples taken 7, 9 and 11 h after the lights were turned off. In contrast, the long-day gilts implanted with melatonin had a mean plasma melatonin concentration of 91-9 + 5-26 pg/ml during the light phase (Fig. 2) . Plasma melatonin concentration was extremely variable both between and within gilts and, although the mean con¬ centrations in the first two samples after dark exceeded 120 pg/ml, they were not significantly different from the mean concentration during the light phase.
In all treatments, LH was secreted in clear, easily defined pulses (Fig. 3) . The variables describ¬ ing pulsatile secretion were analysed for the effect of photoperiodic treatment (over the whole 12 h) and for differences between the light (the first 6 h) and the dark (second 6 h) phases. None of the LH variables were significantly affected by melatonin treatment in gilts on long days (Fig. 3) , so the data for all long-day gilts were pooled before testing for differences between light and dark.
Analysis of variance revealed significant effects of photoperiod and light phase on LH pulse frequency and interpulse interval (Figs 3 and 4) . The (Fig. 4) .
Discussion
Plasma melatonin concentration increased after the onset of darkness in postpubertal and prepu¬ bertal gilts on long-day and short-day regimens and in immature gilts on an equinoctial regimen. These data clearly demonstrate the existence of a nocturnal increase of plasma melatonin in domestic gilts under a wide range of conditions. The pattern of plasma melatonin in the dark phase, with peak concentrations measured 1-2 h after lights off followed by a gradual decline towards baseline, is almost identical to that reported for European wild pigs (Mauget et al, 1990) . Reproductive activity in this species exhibits a high degree of seasonality, which is controlled by photoperiod (Mauget, 1982) and, as in other species, the diurnal variation in melatonin is believed to be the means by which photoperiodic information is transduced. The recent finding that photo¬ period is the major environmental factor controlling attainment of puberty in domestic gilts (Paterson & Pearce, 1990 ) and the marked similarity in the melatonin pattern to that of the European wild boar observed in this study suggests that this physiological mechanism can be extended to domestic pigs.
Our observation of a nocturnal increase of plasma melatonin in the majority of gilts of differing ages housed under a range of photoperiod regimens is contrary to reports that plasma melatonin is either not increased in the dark (Brandt et al, 1986; Reiter et al, 1987; Peacock et al, 1990a) or, if there is an increase, it is only present under certain conditions (McConnell & Ellendorff, 1987) or can only be measured as mean day versus night concentrations in pooled data (Diekman et al, 1990) . In probably the most detailed study on this topic published to date, McConnell and Ellendorff (1987) observed a nocturnal increase in three of four sows housed at 12 h light/day, but the concentrations of melatonin they measured were much higher and the peak occurred much later in the dark phase than in our gilts. The higher concentrations of plasma melatonin may be due to differences in the assay methodology, or the maturity or breed of the animals used, but there is no obvious explanation for the delay of 5 h before peak concentrations were measured. In all the gilts in our study that had a nocturnal increase of plasma melatonin, the peak concentrations were measured in the first or second sample after the lights were turned off. This is similar to the pattern of plasma melatonin reported in other species (Lincoln et al, 1982; Arendt, 1986) suggesting that this is the normal response to the onset of darkness in animals that use plasma melatonin to monitor daylength. We also disagree with the conclusion of McConnell (Turek & van Cauter, 1988) . This may explain the disagreements among the data for domestic pigs, because the daytime melatonin concentrations measured in the studies in which no nocturnal increase of melatonin was detected were up to 10(1 times higher than those measured in the present study. Our data show that immature pigs~1 00 days old have already established a diurnal rhythm of plasma melatonin. The only other data available on pigs of this age are those of Reiter et al. ( 1987) , who measured enzyme activity in, and melatonin content of, the pineal glands of 3-month-old pigs slaughtered during the day or the night. They found no evidence of a nocturnal increase in the activity of enzymes involved in melatonin synthesis; but pineal melatonin was lower in the pigs killed at night, an observation compatible with the concept that melatonin had been released from the pineal early in the dark phase, which started some hours before the pigs were killed.
Plasma LH was released in a pulsatile manner in all treatment groups in Expt 2, but the charac¬ teristics of this pulsatile secretion differed between treatments, short-day gilts having less frequent, but larger LH pulses. Cox et al. (1987) reported that mean basal LH and mean pulse amplitude were greater in ovariectomized sows in the summer than at other times of the year, but they found no difference in the frequency of pulses. Similarly, Peacock et al (1990b) reported that ovariecto¬ mized sows with oestradiol implants had higher basal LH and larger, but not more frequent, pulses when housed at 16L:8D than at 8L:16D. These data differ somewhat from ours, but their direct comparison with those for the present study is difficult because we used intact gilts. However, Peacock et al. (1990b) also reported a higher basal LH concentration with a trend for morefrequent, larger pulses in summer than at other times of the year in pregnant sows. These data are also somewhat different to ours; pulses were more frequent in our long-day gilts, but their basal LH concentration was not higher and the mean pulse amplitude was greater in short-day gilts. These differences may be accounted for by the different physiological and maturational state of the animals in the two studies because the frequency (> 1/h) and baseline (2-24 ng/ml) of the pregnant sows in the summer in the study of Peacock et al (1990b) differed greatly from either the long-day or the short-day gilts in our experiments.
The difference in LH secretion between the long-day and short-day gilts probably reflects the physiological consequence of differing rates of maturation due to the light regimen imposed. Several authors have reported that LH secretion changes during development from birth to puberty in the gilt, with an increase in the frequency of pulses and/or mean LH concentration between 70 and 135 days of age followed by a decrease thereafter in the period leading up to puberty (Wise et al, 1981; Diekman et al., 1983; Camous et al, 1985) . A similar period of high transient LH secretion has been reported in rats (Döhler & Wuttke, 1975) , sheep (Foster et al, 1975) and cattle (Lacroix & Pelletier, 1979) . Camous et al. (1985) , suggested that this decline in LH secretion in pigs was a response to the development of ovarian activity and negative feedback and, as such, indicated increasing maturity. Indeed, it appears that the earlier the depression of LH takes place, the earlier puberty is attained. This concept is consistent with the difference in LH secretion between long-day and short-day gilts. Based on previous studies using the same light regimens (Paterson & Pearce, 1990) , attainment of puberty in gilts reared on the long-day regimen would be inhibited compared with those on the short-day regimen, i.e. at 165 days of age the short-day gilts were closer to puberty and more mature than the long-day gilts. Pulses of LH in the short-day gilts were less frequent at this age, suggesting that negative feedback had already started to operate whereas in the long-day gilts the suppression of LH secretion had not yet begun. A further point indicating that the short-day gilts were more physiologically mature at the same chronological age is that they showed diurnal variation in LH secretion, a phenomenon associated with the advanced prepubertal stage in humans (Boyar et al, 1976) , hamsters (Smith & Stetson, 1980) and rats (Andrews & Ojeda, 1981) .
Secretion of LH in the long-day gilts was not affected by the continuous high concentration of plasma melatonin provided by the implants, suggesting that the inhibition of development of the hypo-pituitary-ovarian axis imposed by the long-day photoperiod was not overcome by the implants. This suggestion is supported by the recent observation of Paterson (1990) , that melatonin implants given to gilts under shed conditions in the summer did not prevent the seasonal inhibition of puberty, which is mediated by daylength (Paterson & Pearce, 1990) . In sheep (Lincoln & Ebling, 1985; English et al, 1986) , deer (Adam et al, 1989) and goats (McGregor et al, 1989) , melatonin implants can stimulate reproductive activity under inhibitory photoperiods, but this does not appear to be the case in gilts. The continuous high concentrations of plasma melatonin may have provided an inappropriate hormonal milieu that the gilts could not interpret. Alternatively, the gilts may have interpreted the melatonin signal they received as a total dark or ultrashort-day situation. Such conditions are also inhibitory to reproductive activity in pigs  
